Abstract: Self-healing materials, when damaged, are designed to sense the failure and respond in an autonomous fashion to restore structural function. Inspired by biological systems, synthetic self-healing materials represent a new paradigm in the design of polymer based composites. This overview article summarizes the different strategies and approaches to achieving self-healing functionality and discusses future directions in the nascent field. The strategies are broadly classified into the following three categories: healing with an embedded liquid phase repair agent, thermally activated solid phase healing, and healing of projectile puncture.
INTRODUCTION
In the aerospace industry, there are many advantages in using polymer matrix composite (PMC) parts compared with the metal parts they are replacing. These advantages include high specific strength and stiffness, good vibration damping, corrosion resistance, and electromagnetic transparency. Composites also offer advantages in terms of manufacturability, design flexibility, and part count reduction. However, one of the limitations of structural composites made from brittle polymers is their susceptibility to matrix microcracking when subjected to impacts, excessive forces, and cyclic mechanical and/or thermal loads [1] .
These microcracks (which often begin in plies transverse to the loading direction) result in a reduction in the thermomechanical properties of the composite. Microcracks also nucleate other forms of damage through coalescence, including fiber/matrix debond, ply delamination, and fiber break, or provide pathways for entry of corrosive liquids [1] [2] [3] [4] . Once this damage has developed, the integrity of the structure is compromised. As a result, there is much effort in the research community directed towards reliable damage prediction and property degradation models.
Composite damage is very difficult to detect because it often forms at sub-laminate locations, invisible to the naked eye. Detection may require highly sensitive non-destructive evaluation (NDE) techniques such as ultrasonics, infrared thermography, X-ray tomography, and computerized vibro thermography [5] . These techniques are employed to determine the extent of damage (a process called damage mapping) for critical composite parts that have been damaged in service.
More recently, increasingly novel approaches to damage detection have been introduced by incorporating such capability into the material itself. For example, optical fibers [6] [7] [8] [9] [10] , piezoelectric sensors/actuators [11] , or magnetostrictive materials [12] embedded in the structure have been used to detect damage in composite structures. In addition 'bruisable' paints have been developed, based on micro-spheres containing a dye and dispersed in a conventional paint system. When impact takes place, the spheres burst, releasing the dye and indicating the area of impact [13] . However, even when these novel smart materials are employed to detect damage, the extent of damage needs to be quantified using conventional NDE methods.
Typically, a decision regarding repair is made after the extent of damage is determined. For severe damage, the structural component may be removed from service and replaced entirely. For less extensive damage and/or for less critical components, repairs are attempted. There are numerous conventional repair strategies depending on the damage mode and composite system, including: resin infusion, bolted and bonded doublers, and scarf and stepped lap repairs. Numerous studies have been published regarding these and other composite repair methods, but they all require manual intervention by a trained technician [14] [15] [16] [17] [18] [19] [20] [21] [22] .
In contrast to synthetic materials, many living biological systems react to external stresses and damage by providing an autonomic healing response at the site of injury. Often this occurs by the plant or animal secreting various liquids when the system is injured, causing filling, healing, and/or regeneration at the damage location [23] . For example, the highly hierarchical structure of skeletal bone [24] enables biological fluids containing clotting agents, nutrients, and stem cells to flow from the network of blood vessels into a fractured region upon injury, facilitating over time the development of fibrocartillage, which calcifies into fibrous bone, and then dense lamellar bone [25, 26] . This process forms new bone that is essentially indistinguishable from uninjured bone tissue.
Research in the last decade has led to the development of self-healing polymeric materials that mimic some of these features found in biological systems. These self-healing polymers offer promise in significantly extending the life of polymeric components by autonomically healing microcracks whenever and wherever they develop. Potential applications for such materials are broad and include structural PMC for aerospace, prosthetics, civil infrastructure, and electronics. Though the potential benefits are quite high, there are several practical limitations (such as crack healing kinetics, stability of the healing functionality to environmental conditions, material costs, and virgin property reduction) that need to be overcome in order for the benefits to be realized.
There are several different strategies to impart selfhealing functionality that have been developed to various levels. The strategies, which are discussed in detail in the following headings, are broadly classified into three categories: healing with an embedded liquid phase repair agent, thermally activated solid phase healing, and healing of projectile puncture. Most of the work has been related to the liquid phase healing agent strategy, which will be described first.
LIQUID PHASE HEALING AGENT
One strategy to achieve self-healing functionality in polymer based composites is to embed hollow vessels or capillaries containing reactive healing liquid inside the material during processing. Then when the material is damaged, cracks propagate through the material rupturing the vessels or capillaries and releasing the reactive healing agent into the crack where it solidifies and repairs the sample. The healing process is triggered only by the crack propagation and requires no outside intervention.
Early work by Dry [27] and Dry and Sottos [28] , which used hollow glass capillaries to store either cryanoacrylate or two part epoxy resins represented the first application of this technology in polymer composites. The glass capillaries embedded in an epoxy matrix, were shown to rupture by impact induced cracking, and release the healing agents into the crack. This work, which represented an important concept in demonstrating the fracture and release of healing agent into that crack, had several shortcomings. First, the choice of healing agents required extremely long healing times and resulted in negligible healing. Second, the relatively large, distributed capillaries weaken the virgin properties of the matrix and are impractical for scale-up.
A key development in practical self-healing materials was the development of microencapsulated monomer healing agents. Microencapsulation, the process in which tiny droplets are enveloped by a polymer shell, is an established technology for applications such as carbonless copy paper, pharmaceuticals, flavors and perfume, and pesticides [29] . The small size of the spherical microcapsules enables the healing agent to be distributed throughout a matrix material to potentially heal microcracks before they coalesce into larger scale damage. Early work by Jung et al. [30] demonstrated the process by which polyoxymethylene urea microcapsules in a polyester matrix break and released their content when encountered by a crack. However, these systems were also limited by their chosen healing agent (in this case a mixture of styrene monomers and high molecular weight polystyrene) and showed no evidence of self-repair.
Microcapsule/ROMP systems
The self-healing strategy using microcapsules is illustrated in Fig. 1 where self-healing functionality is accomplished by embedding the microencapsulated healing agent and a catalytic chemical trigger within a polymer matrix. Damage induced rupture of the microcapsules causes the release of the healing agent into the crack. As the healing agent contacts the catalyst, polymerization is initiated and the damage is repaired.
Four basic criteria must be met for the self-healing strategy to be realized: storage, release, transport, and rebonding. Each of these criteria depends significantly on the chemistry and properties of the healing agent system. Storage is accomplished by first microencapsulating the healing agent and then dispersing the microcapsules and chemical trigger or catalyst throughout the matrix during the material manufacturing. This requires that the healing agent not react during the encapsulation process, that the liquid healing agent remain stable within the microcapsules for long periods of time (until it is released into Fig. 1 The self-healing concept using embedded microcapsules. A microencapsulated liquid monomer healing agent is embedded in a structural polymer matrix containing a catalyst capable of polymerizing the healing agent. When the material is damaged cracks occur, rupturing the microcapsules and releasing the healing agent into the crack plane through capillary action. The healing agent contacts the catalyst, triggering polymerization that bonds the crack faces closed the damaged zones by a fracture event), that the microcapsules be robust enough to survive the manufacturing process of the composite material, and that the chemical trigger/catalyst either be compatible with the matrix material or be encapsulated by its own barrier coating. Release is accomplished when the approaching crack mechanically ruptures the capsule wall, releasing the repair agent. This requirement that the microcapsules are weak enough to break upon damage induced cracking must be balanced by the above mentioned robustness requirement during manufacturing. A scanning electron micrograph (SEM) (Fig. 2 ) of a self-healing composite fracture surface, showing an embedded microcapsule that has been broken open by the advancing crack, provides experimental evidence of the rupture. It also shows evidence of debonding at the microcapsule-matrix interface. If the interface is too weak and/or the microcapsule is too strong such that the microcapsule debonds completely from the crack plane, then the capsule will not rupture and the healing agent will not be released into the crack. Capillary action and/or crack closure upon unloading is the driving force for the transport of repair agent into the crack. Figure 3 shows a sequence of SEM micrographs in which a urea-formaldehyde (UF) Fig. 3 Sequence of SEM micrographs of the release of monomer healing agent from a urea-formaldehyde microcapsule onto a fracture plane microcapsule is emptying its content onto a crack plane. These images illustrate the transport of the liquid healing agent onto a fracture surface and the large surface area that can be covered by the healing agent from one broken capsule. The transport criterion precludes the use of solid or highly viscous liquids. The liquid must also have a lower surface energy than the fracture surfaces to thoroughly wet and wick into the damage zone. However, the healing agent cannot be too volatile; it must remain in the crack long enough to cure without evaporating or diffusing away from the crack plane. Finally, once the healing agent is in the crack, it must polymerize, typically by reacting with a catalyst/trigger, on or near the crack surface, rebonding the crack faces together, and reducing the geometrical stress concentration at the crack tip. This polymerization should occur quickly at room temperature in order to prevent further damage or material degradation and to preclude evaporation and diffusion of the monomer from the crack plane. The polymer produced should also have excellent adhesive strength with the fracture surface. Likewise, cure induced shrinkage during the polymerization of the healing agent should be minimal so that the polymer film does not pull away from the crack faces that it is bonding. Finally, the polymerization should not require precise stoichiometric control and should be insensitive to non-ideal mixing with the initiator.
The first successful and significant implementation of self-healing polymer composites was reported by White et al. [31] . In this work, the monomer healing agent, dicyclopentadiene (DCPD), was encapsulated and dispersed in an epoxy matrix along with Bis(tricyclohexylphosphine)benzylidine ruthenium (IV) dichloride (Grubbs' catalyst) for the catalytic chemical trigger. DCPD is an inexpensive monomer commercially derived from petrochemicals and is a clear, colorless liquid with a viscosity of just 0.7 centipoise at 21
• C. Grubbs' catalyst is a solid purple crystalline powder developed in the mid 1990s by Prof. R. Grubbs [32] . The transition-metal Grubbs' catalyst is known to show high metathesis activity while being tolerant of a wide range of functional groups as well as oxygen and water [32] [33] [34] [35] . The low viscosity DCPD healing agent was shown to flow into the crack, dissolve the catalyst exposed on the fracture plane, and solidify by a ring-opening metathesis polymerization (ROMP). Figure 4 illustrates the ROMP mechanism. First, the ruthenium metal carbene and the cycloalkene combine to form an intermediate metallacyclobutane. The metallacycle then breaks between the atoms that initially shared a double bond and the new olefin that is generated remains attached to the catalyst as part of a growing polymer chain. The driving force for the reaction is the relief of ring strain. The remaining cyclic double bond may be polymerized in a similar way to form a crosslinked network [36] . This living (that is, having unterminated chain-ends) ROMP reaction was a significant step forward in the development of self-healing materials because it met the diverse set of requirements for the self-healing system, including long shelf life, low monomer viscosity and volatility, rapid polymerization at ambient conditions, and low shrinkage upon polymerization. [31] . This approach was further refined by adjusting the size and concentration of the catalyst and microcapsules in reference [37] to yield a self-healing polymer with the ability to recover as much as 90 per cent of its virgin fracture toughness. Careful measurements of the virgin and healed materials were made using heighttapered double-cantilever beam specimens [38, 39] so that crack length independent measures of fracture toughness could be obtained.
Significant additional work by several research groups has focused on characterizing and optimizing these and future generations of ROMP based healing agent systems. Quantifying and tuning of the healing agents' polymerization kinetics is important to self-healing applications and healing efficiency because the kinetics determine the extent to which polymerization can occur for a given time and at a particular temperature. Kessler et al. quantified the ROMP of DCPD using differential scanning calorimetry for both the endo- [40] and the more reactive exo-isomer [41] . It was found that the catalyst concentration had a large effect on the cure kinetics and that the exo-isomer is significantly more reactive than the commercially available endo-DCPD used in most self-healing applications thus far. These results confirmed the nuclear magnetic resonance based results by Rule which showed that exo-DCPD was significantly more reactive for ROMP primarily for steric reasons [42] . The process of synthesizing pure exo-DCPD from the commercially available endoisomer is available in reference [43] , which details the more annotated process first proposed by Nelson and Kuo [44] .
Increasing the polymerization kinetics of the healing agent not only speeds up the healing process, it also lowers the amount of costly catalyst that needs to be incorporated into the polymer matrix. Lee et al. demonstrated that blending of 5-ethylidene-2-norbornene (ENB) to endo-DCPD significantly reduced catalyst loadings while simultaneously speeding up the reaction using dynamic mechanical analysis, differential scanning calorimetry (DSC), and viscosity measurements [45] [46] [47] [48] . However, if the polymerization of the healing agent is too fast, there is a possibility that gelation or viscous thickening of the monomer will occur before it completely fills the crack. Likewise, if the polymerization kinetics is much faster than the dissolution kinetics of the catalyst in the healing agent, rapid polymerization around the exposed catalyst particle may quench the reaction before the majority of the catalyst is dissolved in the monomer [43] . This was recently shown to be the case by Mauldin et al., where, the exo-DCPD was found to heal about 20 times faster than the endo-isomer, but with a lower healing efficiency. This was attributed to the polymerization of exo-DCPD being so fast that the liquid monomer did not have enough time to dissolve a sufficient quantity of catalyst [49] .
Both the polymerization and the dissolution kinetics can also be changed by making adjustments to the catalyst. Jones et al. recently showed how catalyst crystal morphology, and subsequent dissolution kinetics, of the Grubbs' catalyst could be tailored by various recrystallization techniques out of solution (e.g. vacuum evaporation from CH 2 Cl 2 , precipitation from CH 2 Cl 2 /acetone, and freeze-drying from benzene) [50] . Likewise, Larin et al. used an electric ball mill to pulverize the catalyst crystal powder, greatly reducing the Grubbs' catalyst particles [43] . As expected the smaller crystals dissolved much quicker in the healing agents, resulting in significantly faster polymerization times.
While decreasing the catalyst size improves its reactivity with the monomer healing agents, it also increases its reactivity with the prepolymer used to form the matrix. The primary amine curing agent used in most of the reported epoxy systems reacts destructively with the Grubbs' catalyst as the epoxy cures. This degradation becomes increasingly problematic as the catalyst size decreases and its surface area increases. Rule et al., inspired by earlier work by Taber and coworkers [51] , overcame this problem by encapsulating Grubbs' catalyst in small wax spheres and then mixing the wax spheres in with the matrix material and DCPD filled microcapsules during the composite formulation [52] . The wax protects the catalyst from the amine curing agent, but dissolves when DCPD is released into the crack plane. The wax also improves the dispersion of the catalyst in the matrix (which tended to clump together without the wax), thereby reducing the required catalyst loading by a factor of 10. However, the dissolved wax plasticized the polymerized healing agent and is limited for higher temperature applications.
In addition to changing the physical structure of the embedded catalyst, the chemical structure can be adjusted from the first-generation of commercial Grubbs' catalyst [53, 54] to second-and highergeneration metathesis systems [55] [56] [57] [58] which have shown to have an increase in activity up to a factor of 10 4 relative to the first generation systems [59] and improved functional group tolerance. An excellent review on the interplay between catalysts (or initiators), monomers, and reaction conditions for ROMP can be found in reference [60] .
Polymerization kinetics is especially important in the repair of fatigue induced damage. In these cases, the ability to repair fatigue induced cracking depends on both the healing kinetics, the fatigue cycle frequency, and the length of any rest periods between loading cycles. The ability to heal fatigue cracks has only recently been demonstrated in these systems by Brown et al. [61, 62] . Subsequent modeling of the fatigue and healing process indicates how the development of a polymerized healing agent wedge at the crack tip retards the crack growth by preventing unloading of the crack tip and reducing the effective crack tip opening [63, 64] .
The process of producing microencapsulated healing agents that possess adequate strength, long shelflife, and excellent bonding to the host material is described in reference [65] . This paper describes how DCPD is encapsulated by in-situ polymerization in an oil-in-water emulsion. By adjusting the agitation rate in the reaction vessel, microcapsules ranging from 10-1000 µm in diameter are produced with a fill content of 83-92 wt%. The microencapsulation process can be fine tuned to control surface roughness, diameter, and shell wall thickness to mitigate microcapsule debonding or premature failure during manufacturing. Keller and Sottos found that the capsules walls had an average modulus of 3.7 GPa [66] . Very recent work to produce submicron nanocapules using ultrasonics has also been successful [67] , however implementation of these nanosize capsules for self-healing have yet to be demonstrated, and may be hindered by the increasingly smaller volume of healing agent available to fill the crack plane as the average microcapsule diameter decreases.
Making a successful transition from these selfhealing neat resin systems, where promising results had been obtained, to self-healing structural (fiberreinforced) composites, has been an important and challenging next step. The presence of the fiber reinforcement increases the number of damage modes and the complexity of the healing process [68] . Woven composites are especially good candidates (compared with unidirectional reinforcements) for use of a selfhealing polymer matrix because of the reinforcement's architecture. The large resin rich interstitial regions between crossing warp and fill yarns serve as natural sites for storage of the microcapsules used in self-healing polymers without disrupting the inherent undulation of the fiber tows. It was first shown that healing of delaminations could be self-activated by incorporating the same catalytic trigger within the matrix of a woven glass fiber-reinforced composite and manually injecting an uncatalysed repair agent into the delamination [68] . In situ polymerization kinetics was shown to play a crucial role in determining the degree of repair of delamination damage in double cantilever beam specimens. Once self-activated healing was demonstrated, Kessler et al. demonstrated self-healing in a fiber-reinforced structural epoxy matrix by dispersing the microencapsulated healing agent (DCPD) and the Grubbs' catalyst within the polymer matrix phase [69] . This work demonstrated self-healing on width-tapered double cantilever beam fracture specimens in which a midplane delamination was introduced and then allowed to heal. Self-healing at room temperature yielded as much as 45 per cent recovery of virgin interlaminar fracture toughness, while healing at 80
• C increased the recovery to over 80 per cent, representing the most significant healing of delamination damage in fiber reinforced systems to date.
However, this system still had several drawbacks. First, the incorporation of catalyst and microcapsules resulted in a reduction in virgin interlaminar toughness believed to be due to an increased interlaminar thickness from the size and concentration of microcapsules and difficulty in catalyst dispersion and agglomeration. The catalyst agglomeration also contributed to unstable crack propagation. However, since it has been shown that the matrix resin is significantly toughened (up to 127 per cent) by the addition of microcapsules and catalyst [31, 37] , a toughened structural composite material should be achievable with refinement of the manufacturing and processing techniques. In addition, the repair of small scale damage (not just large scale delaminations ) has not yet been demonstrated in these systems and may require smaller microcapsules dispersed evenly throughout the entire matrix.
A variation on the healing agent chemistry that eliminates the need for the solid phase catalyst in the ROMP system was recently reported by Yin et al. In this work, an epoxy matrix composite is described which contains UF microcapsules filled with a liquid epoxy healing agent. In addition, a latent curing agent, CuBr 2 (2-MeIm) 4 , is homogeneously dissolved in the composites matrix and is able to trigger the polymerization of the released healing agent provided external heat (130
• C) is applied [70] .
Phase separated healing agent
Cho and co-workers used a different approach to healing agent storage; rather than encapsulating the healing agent (in this case a siloxane-based healing agent), it is phase-separated in the matrix (a vinyl ester) whereas the catalyst is encapsulated [71] . The chemically stable phase-separated self-healing agent is based on the tin-catalysed polycondensation of phase-separated droplets containing hydroxyl end-functionalized polydimethylsiloxane (PDMS) and polydiethoxysiloxane. The catalyst, di-nbutyltin dilaurate, is mixed with chlorobenzene and encapsulated in polyurethane microcapsules which are then dispersed in the matrix. Although the fracture toughness based healing efficiency in these systems (up to 24 per cent) does not match that of the ROMP based systems, primarily because of poor inherent adhesion of the PDMS healing agent and the vinyl ester matrix surface, there are several advantages to this system. These advantages include (a) improved stability in hot and wet environments, (b) lower costs, and (c) simplified processing due to the concept of phase separation.
Keller et al. also worked with PDMS based systems where he recently reported the development of self-healing elastomers containing two microcapsule types, a resin capsule and an initiator capusule. They reported an average recovery of 76 per cent of virgin tear strength using a trouser tear test [72] .
Hollow tubes or fibers
One limitation to the microencapsulated healing agent systems and the phase-separated systems is that repeated healing is only possible after a first healing event if continued liquid is present at the damage region. It is not possible to know when the liquid healing agents have been entirely consumed. The use of hollow tubes or fibers as shown in Fig. 5 is another approach that may be able to deliver larger amounts of liquid healing agent to the crack plane. This is the concept that Dry and coworkers attempted as mentioned above [27, 28, 73, 74], but with limited success. Motuku et al. also embedded tubes infused with resin and subjected the composite panels to low velocity impact [75] . Both of these investigations, while demonstrating tube breakage and liquid healing agent release, were limited by the As opposed to larger capillaries, Bleay et al. used smaller hollow glass fibers (Owens-Corning 'Hollex' S2-glass fiber) filled with resin using a vacuum assisted capillary filling technique [76] . The hollow fibers are multifunctional since the fibers store the liquid healing agent as they simultaneously provide structural reinforcement. Several one-part isoacrylates and cyanoacrylates and two-part epoxy systems were investigated for the repair agent. Composite panels were subjected to low energy (∼80 J) impact to rupture the hollow fibers and release the healing agent, followed by compression after impact testing. These systems however failed to adequately release the healing agents into the crack plane without the use of an external vacuum and heat. The curing of cyanoacrylate systems on contact with the mouth of the capillary and the high viscosities for the epoxy systems precluded significant self-healing from being realized. The authors suggested the use of larger diameter fibers as the resin containers (∼40 µm), but since the 'Hollex' fibers are no longer commercially available an alternative source of a structural hollow fiber was required.
Bond and co-workers have developed a process to optimize the production of hollow glass fibers [77] and have since used those fibers (filled with liquid healing agents or dyes) in PMC for both damage detection and self-repair [78] [79] [80] . Figure 6 shows an SEM image of the hollow glass fibers that are produced by drawing borosilicate glass tubing. These hollow fibers can range in diameter from 30-100 µm with hollowness up to 65 per cent in sufficient volume to manufacture composite laminates. By being able to manufacture such large inner diameter vessels, they are able to overcome many of the healing agent transport problems that hindered Bleay's earlier work with the 'Hollex' fibers. Composite panels containing the hollow fibers, which were infused with a two-part epoxy resin, were damaged by simulated impacts (static load on a hemispherical head impactor). Self-healing of the damage site saw the laminate recover 87 per cent of the undamaged baseline FRP laminate's flexural strength. For comparison, the same material with equivalent damage, but not allowed to heal, showed a residual strength of 74 per cent [78] . In similar work up to 97 per cent of the flexural strength was recovered for a self-healing system compared to 88 per cent recovery for a similarly damaged system that was not allowed to heal [79] . These systems used a two part epoxy repair system, with the resin and the hardener released from adjacent orthogonal layers. Discussions on how to interpret these systems in terms of healing efficiency will be discussed in section 5. Such hollow fiber systems offer the composite designer significant flexibility to place healing plies in different locations within the laminate in order to tailor the repair to the likely damage.
Microvascular network
An alternative to the hollow fiber approach to self-healing is to design a material with interconnected series of network channels. This is the most biomimetic approach since it replicates the vascular system of many plants and animals, but it is difficult to achieve practically and at large scales in synthetic materials. However, only this type of system is compatible with incorporation of a circulatory system that continuously transports the necessary chemicals and building blocks of healing to the site of damage.
Recently, Therriault describes a fabrication process using direct-write assembly to create microvascular networks in an epoxy matrix [81, 82] . Direct write is further reviewed by Lewis and Gratson [83] . Bejan et al. calculated the optimum channel size and configuration for the pressurized healing agent to reach all the crack sites that may occur randomly through the material [84, 85] and developed flow architectures for 'vascularizing' materials with self-healing capabilities [86] . Preliminary results using this concept were reported by Toohey et al. where a coating on a substrate containing a microchannel network is healed and evaluated using a four-point bending protocol [87] .
Nanoparticle segregation to cracks
Gupta et al. have recently demonstrated that nanoparticles in a polymer fluid will segregate to cracks and notches [88] caused by mechanical damage. Molecular dynamics simulations by Balazs and co-workers have shown that the polymer liquid induces a depletion attraction between the particles and the surface and thereby drives the nanoparticles into the defect [89] [90] [91] . The morphology obtained from the simulations are then used in a lattice spring model to determine that the mechanical properties of the repaired composites can be restored up to 75-100 per cent of the undamaged material [89] . However, while nanoparticles segregation to crack tips has been demonstrated experimentally, these systems have yet to be demonstrated in a self-healing system. The author's research group at Iowa State University has recently been successful at micro-encapsulating ROMP based healing agents that contain functionalized, well dispersed multi-walled carbon nanotubes. These nanotubes are shown to enhance the strength and stiffness of the polymerized healing agent by 10 and 11 per cent respectively with just 0.1 per cent (wt.) functionalized nanotubes [92] . These results will be forthcoming.
Thus, it is believed that the addition of carbon nanotubes to the liquid healing agent will serve two purposes. First, the nanotubes will add increased strength and toughness to the polymerized healing agent layer, facilitating greater load transfer across the crack faces; and second, the nanotubes will segregate and localize at nanoscale cracktips and notches, further reducing the stress intensity at these critical regions.
SOLID PHASE (HEAT ACTIVATED)
A second approach to healing is to eliminate the reliance on a liquid resin delivery system altogether. These systems have the advantage of improved performance for multiple healings and stability due to the elimination of the liquid phase. A disadvantage of these systems is the need to heat the samples in order to achieve healing. Hence, these materials are not fully autonomic, unless a mechanism is introduced to allow for self-heating at the damage location.
Although the concept of crack healing using heat has received significant attention in the literature -see for example investigations of crack healing for glass [93] [94] [95] and thermoplastic polymers [96] [97] [98] [99] -the ability to heal cracks under mild conditions for thermosetting systems had been elusive. Likewise, for welding and crack healing of thermoplastics, only intermolecular, non-covalent interactions (e.g. chain entanglements and hydrogen bonding) are responsible for the repair between mended parts.
Thermally remendable
Chen et al. developed a different approach for healing crosslinked polymers where no catalyst or embedded liquid healing agent is required [100, 101] . In their work, a specially designed matix containing a weak chemical bond which will preferentially break during damage initiation and reform on heating was developed. This matrix, produced by a thermally reversible Diels-Alder (DA) cycloaddition of multi-furan and multi-maleimide, has tensile and compressive properties comparable with epoxies and unsaturated polyesters. The brittle, crosslinked polymer can be fractured, clamped together, and heated to reform DA adducts across the crack face. The result is a healing of the sample through covalent bonds. This process was shown to be fully reversible and could be used to restore a fractured part multiple times. Figure 7 shows an image of a broken compact tension fracture specimen before thermal treatment and after thermal treatment at 120
• C for 2 h. In fracture testing, the specimen recovered about 57 per cent of the original fracture load. As shown in Fig. 7 , the highly reflectant surface of the interface before thermal treatment was eliminated after the thermally induced healing of the interface [100] . Further advances in materials developments for similar systems have since been reported [102] .
Although these systems have the advantage of enabling multiple healing events and do not require additional ingredients such as catalysts and embedded monomer, one of their disadvantages (in addition to requiring external heat), is the considerable synthetic effort necessary in making the materials, and the fact that they are not compatible with existing composite resins and manufacturing technology. Likewise, the service temperature of the polymers is 80 to 120
• C, which may be too low for many applications.
Thermoplastic/thermoset blend
Another approach to self-healing was recently reported by Hayes and co-workers [103] [104] [105] [106] , where a specially selected thermoplastic resin poly(bisphenol-A-co-epichlorohydrin) is dissolved into a conventional thermosetting matrix (diglycidyl ether of bisphenol A) to act as a healing agent. The thermoplastic is selected to have a solubility parameter that is close to that of the resin so that it stays in a single phase morphology even after cure of the resin. Then upon matrix fractures, the application of heat can mobilize the thermoplastic molecules to diffuse across the crack face. Up to 60 per cent, recovery of pre-damage strength is reported [104] . One advantage of this system is that it can be processed by conventional thermosetting composite techniques (such as resin-infusion and pre-pregging). However, unlike the thermally remendable approach described above, this repair process does not develop covelant bonds across the crack interface.
Cyclics
Other materials that can be processed like thermosets, but have the ability to heal with the application of heat and pressure are a new class of thermoplastics that are polymerized from cyclic oligomers such as cyclic poly butylene terephthalate [107, 108] . The low initial viscosity of the the resins allows them to be mixed thoroughly with fiber reinforcements to create thermoplastic composites. Since these systems are thermoplastics they can be fractured and healed with the application of heat above the glass transition temperature to create molecular chain entanglements across the crack faces.
Of course, a limitation for all of these systems is that the fractured samples must be heated for healing to occur and intimate contact must be achieved between the crack faces. One of the significant research challenges that exist is the development of internal heating elements that can detect damage and locally heat the damage zone in order to facilitate the in situ repair.
PROJECTILE PUNCTURE
One class of thermoplastics that does not require external heat to achieve self-healing for the repair of projectile puncture was recently developed with various ionomers such as poly(ethylene-co-methacrylic acid) copolymer based films [109, 110] . Results have shown that penetration of the polymer film by a projectile causes localized heating near the puncture which then closes in upon itself to heal, with the penetration opening recovering to an airtight condition. Originally, these ionomer materials were thought to heal as a result of ionic attraction in the melt-state. However, recent results suggest that the heating causes a localized melt elastic response which serves to close the puncture and heal the polymer independent of the ionic content [111, 112] . These materials have found specific interest for use in military fuel tanks for the potential to heal punctured fuel tanks and prevent dangerous leaks [113, 114] .
One of the advantages of this class of self-healing materials is the ability to heal the puncture damage almost instantly. However, it is limited to very specific projectiles and conditions (such as backing material or fluid, projectile shape and speed, temperature, and film thickness). For example a standard 9-mm bullet fired at a sample ionomer film at 1100 ft s −1 resulted in a healed film; whereas, a similar sample struck with a blunt-ended cylindrical bullet did not heal, leaving an unfilled hole in the film. Examination revealed that the blunt ended bullet removed material from the hole as it passed through while the standard 9-mm bullet compressed the material to the side and cut through hole without removing additional material [109] .
QUANTIFYING HEALING EFFECTIVENESS
In most cases, healing efficiency is quantified as a ratio between a healed material property (such as strength or toughness) and a baseline material property (such as strength or toughness of the undamaged material). It is important to note then that the increased healing efficiency can be obtained either by increasing the healed material property or by reduction of the virgin properties. Obviously, the latter does not represent an advancement in self-healing effectiveness (e.g. reducing the virgin properties in order to increase healing efficiency is counter productive); so in all cases the virgin properties, and how they change with added self-healing functionality, should be reported.
Previous investigators studying solvent and/or heat induced healing of glass and thermoplastics characterized crack healing as the ability to recover fracture energy and/or fracture toughness [97] [98] [99] 115] . Specifically, Wool and O'Conner [99] , defined crack healing efficiency (η) for mode I loading as the following ratio
where K healed IC is the mode one fracture toughness of a healed fracture specimen and K virgin IC is the mode one fracture toughness of the virgin specimen. Consequently, White et al. adopted this definition of healing efficiency in their seminal work in reference [31] , which, for appropriate height-tapered double cantilever beam (TDCD) specimens, is equivalent to
where P healed C
and P virgin C are the critical loads at fracture for the healed and virgin specimen respectively. Equation (2) is valid for specimen designed so that the compliance of the specimen changes linearly with crack length during testing (like the TDCB and the width-tapered double cantilever beam specimen (WTDCB)). For these types of specimen, the fracture toughness depends only on the applied load and is independent of the crack length so that
where α is a function of geometry and material properties. For stick-slip crack growth (such as for the WTDCB specimens loaded in displacement control), there may be multiple values for P C and hence K IC [69] for a given sample. In these situations an average healing efficiency for a given sample can be defined by the ratio of the average of all critical load values for the healed and virgin cases. Kessler et al. also defined a maximum healing efficiency for a given sample calculated from the maximum of the critical load from the healed specimen. The discrepancy between the average and the maximum healing efficiencies is a measure of the variations in the degree of heal within regions of the sample due for example to uneven coverage of the fracture plane with healing agent, local chemical variations, or contamination of the fracture plane [69] .
An alternative definition of healing efficiency is based on the ability to recover work of fracture or fracture energy
where G virgin IC and G healed IC represent the respective critical energy release rate from testing the virgin and subsequent healed fracture specimen. Since
where E is the Young's modulus and ν is Poisson's ratio, the healing efficiencies of equation (1) and equation (4) are related as
Thus, a self-healing material with a reported healing efficiency of 50 per cent based on equation (5) has a healing efficiency of 71 per cent using equation (2) for the definition of healing efficiency. In essence, the K IC based definition of healing efficiency will be higher when less than 100 per cent healing efficiency is obtained (the typical case), and lower for healing efficiencies greater that 100 per cent compared with the G IC based definition. While all of these definitions have been for mode I loading conditions, the analysis is similar and straight forward for mode II, III, and mixed mode fracture. It is also worth noting that with these fracture based definitions of healing efficiency, it is possible to obtain efficiencies greater than 100 per cent. This is because fracture tests require the presence of a precrack in order to measure the fracture toughness (K IC ) or fracture energy (G IC ). Fracture specimens are designed so that the specimen fails progressively as the precrack advances through the material. If the healed region is tougher than the virgin material (as in the case of additional energy absorbing modes from a very tough polymerized healing agent), crack propagation will be retarded until either adhesive or cohesive failure occurs.
A similar healing efficiency was defined recently by Rule et al. [52] in the wax encapsulated healing system. In these systems the presence of the dissolved wax in the polymerized healing agent caused the fracture specimens to exhibit non-linear elastic behaviour. To account for this non-linearity, the healing efficiency was defined as the internal work (or strain energy) for failure of healed sample divided by the internal work of the virgin sample (both normalized by the new fracture surface area generated in the experiment)
where U healed and U virgin represent the stain energy as measured by the area under the load-displacement curve during fracture testing, b n is the width of the crack surface created, W is the distance from the loading line to the end of the specimen, and a 0 healed and a 0 virgin are the initial precrack lengths for the virgin and healed cases. Using a strength based definition of healing efficiency, Sanada and co-workers defined healing efficiency from tensile dogbone specimen as
where σ virgin C is the tensile strength of the virgin specimen and σ healed C is the tensile strength of the healed specimen (calculated from the maximum load and bonded area of the healed specimen). In this case the tensile specimen broke in two pieces in the initial testing of the virgin material and the two halves were clamped back together and allowed to heal for 48 h [116] .
Likewise healing efficiency based on a change in mean flexural strength can be calculated. Take for example the hollow fiber work by Bond and coworkers, where healing effectiveness was measured by fourpoint bend testing for undamaged, damaged then healed, and damaged but not repaired materials [78, 79] . Here residual flexural strength after damage and healing was compared with a baseline undamaged flextural strength and then compared with the residual strength after equivalent damage without healing. A healing efficiency can be defined by the following ratio
where σ healed C flexural is the residual flexural strength of the material after it has been damaged and then allowed to heal, σ damaged C flexural is the residual flexural strength of the material after it has been damaged but not allowed to heal, and σ virgin C flexural is the flexural strength of the undamaged material.
For example, the system described above where the laminate recovered 87 per cent of its virgin flexural strength, and the same material with equivalent damage that was not allowed to heal, showed a residual strength of 74 per cent of the virgin strength [78] , has a healing efficiency of η flexural per cent = 87 − 74 100 − 74 = 50 (10) It is important to note that this approach requires that a common damage amount be present in each specimen, which can be difficult to verify since the initial damage tolerance of the material is different for systems with and without self-healing functionality. In addition to monotonic strength and fracture testing, fatigue-healing efficiency has been defined in the context of fatigue life-extension as λ = N healed − N control N control (11) where N healed is the total number of cycles to failure for a self-healing sample and N control is the total number of cycles to failure for a similar sample without healing [61, 62] .
Other measures of healing efficiency that have been proposed relate to the change in stiffness when the material is damaged and a subsequent stiffness recovery upon healing [117] . Barbero has developed continuum healing mechanics approaches to model damage and subsequent healing [118] [119] [120] [121] and used those models to suggest definitions for healing efficiency based on residual stiffness and strength for quantifying the healing of microcracks [122] . Another fracture specimen that has been proposed for quantifying self-healing is the double cleavage drilled compression fracture specimen because it shows a slow crack velocity in brittle materials [123] .
VIRGIN PROPERTY REDUCTION
For self-healing materials to be implemented in practice it is important the added self-healing functionality does not come at the expense of significantly reducing the virgin properties of the material. Brown et al. showed that the incorporation of microcapsules in composites leads to a significant toughening effect and investigated the toughening mechanisms associated with the addition of polymer microcapsules [124] . His work confirmed earlier conclusions that the addition of microcapsules into neat resin enhances the virgin toughness of the material [30] . However, Tian et al. report that the addition of microcapsules into epoxy resin results in a decrease in fracture toughness, decreasing linearly with microcapsule content [125] ; clearly this is dependent on the specific nature of the added constituents and matrix. The addition of hollow tubes or capsules is expected to reduce the modulus of the material. Likewise, the thermally remendable polymers are designed with a remendable 'weak-link' which is designed to fail before the other covalent bonds in the polymer system.
FUTURE DIRECTIONS AND CONCLUSIONS
Self-healing composites possess great potential for solving some of the most limiting problems of polymeric structural materials: microcracking and hidden damage. Microcracks are the precursors to structural failure [126] and the ability to heal them will enable structures with longer lifetimes and less maintenance. Consequently, significant research interest and growing investment from scientific funding agencies is being shown [127] [128] [129] . Though the potential benefits are quite high, there are several practical limitations (such as crack healing kinetics and stability of the healing functionality to environmental conditions) that need to be overcome in order for the benefits to be realized in society.
Several other approaches to achieving self-healing are also being explored [130] [131] [132] [133] [134] [135] [136] [137] [138] [139] . For example, several groups have investigated the use of shape memory alloy actuators to close and heal cracks [135] [136] [137] [138] . Others have investigated a self healing skin structure using an ultraviolet (UV)-curable epoxy for the liquid healing agent. If the skin is damaged, the UVcurable epoxy is released and is cured by ambient sunlight [139] .
A radically different approach to autonomic materials design is a material that toughens in response to stress before a fracture event occurs. Stress-stimulated crosslinking or polymerization reactions that increase the toughness of the material at the vicinity of a high stress concentration is referred to as mechanochemical activation and several strategies were recently suggested by Rule et al. utilizing Bergman cyclization [140, 141] to trigger the strain-induced reactivity in these systems.
While many different approaches to imparting selfhealing functionality to polymers and composites are being explored, and others will undoubtedly emerge, nearly all of them are intrinsically multidisciplinary. They involve the challenge of combining polymer science, experimental and analytical mechanics, and composites processing principles. Perhaps the best systems will be hybrid techniques which span the multiple lengths and time scales of the different approaches. Certainly the nascent field of self-healing synthetic materials will continue to progress beyond the methods reviewed here, until true biomimetic healing is achieved.
